Nacre has attracted widespread interest, because its unique hierarchical structure assembled with brittle aragonite (a polymorph of CaCO 3 ) and organic biopolymer leads to several orders of improvement in fracture toughness (in energy terms) compared with its primary counterparts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Extensive work has hitherto revealed that nacre is a self-assembled nanocomposite, consisting primarily of highly organized polygonal aragonite platelets with a thickness ranging from 200 to 500 nm and an edge length of about 5 m sandwiched with 5-20 nm thick organic biopolymer interlayers. A hot debate has been triggered on the structural complexity and crystallographic peculiarity of individual aragonite platelets in nacre. For instance, is an individual platelet made of a single crystal or assembled with nanoparticles? Previous work showed that individual platelets are single crystals and form via epitaxial nucleation [3, 4] , resulting in a highly stacking sequence layer by layer. Selected area diffraction pattern from TEM further confirmed single-crystal appearance from the crystallographic relationship within single and/or multiple layers [4] . These results, however, sharply conflict with the recent observation that millions of nanoparticles were detected inside one single aragonite platelet by atomic force microscopy [10, 17] . Based on two seemingly contradictive observations, the formation mechanism for individual platelets can be ascribed to the screw dislocation-driven growth model [18] . However, how to discriminate the isolated aragonite nanoparticle within platelets under TEM still remains elusive. Here several critical scientific questions are raised: Does nacre cast a ''perfect'' singlecrystal platelet using millions of nanoparticles? If yes, why can we not readily detect the ''fused'' boundary or interface between neighboring nanoparticles in TEM? To elucidate these questions is of critical significance to the understanding of nacre's bottom-up self-assembly mechanism and its mechanical strengthening and toughening secrets. Here we design two groups of experiments by heat treatment and inelastic deformation with a purpose to trigger the previously interparallel crystallographic orientation of nanoparticles in pristine nacre. As a result, the emerging disordered nanodomains offer a unique opportunity to discriminate aragonite nanoparticles with an average particle size of a few nanometers. To shed more light on our TEM observation, corresponding in situ heat treatment and bending coupled with atomic force microscopy (AFM) were employed to demonstrate the transition of nanoparticle architecture from pristine to heat treated or deformed nacre. Our results clearly unravel that an individual aragonite platelet of nacre is a highly optimized biomineral via highly oriented attachment of aragonite nanoparticles. The ordering process can be rationalized by thermodynamics, rendering a new perspective to understand the formation of highly ordered structure in other biominerals.
In this Letter, natural nacre materials from California red abalone (Haliotis rufescens) that belong to the class of gastropoda were chosen for the investigation. The shells were collected alive in Santa Barbara, CA. To minimize the detrimental effect of drying on the structure and mechanical behavior of the shells, they were cleaned and then air delivered in ice to the laboratory where the experiments were conducted. The nacre samples were cut from the nacreous layer of the shells with a water-cooled, low-speed diamond saw. Then the nacre samples were rinsed thoroughly with distilled water. The room temperature TEM samples were prepared by sectioning the nacre using the microtome techniques (Microm HM 325 Rotary Paraffin Microtome). The heat treated and inelastically deformed postmortem powders were immediately collected and dispersed in distilled water with an ultrasonic wave for 2 h.
Both sectioning slice and powder samples were then transferred onto the holey carbon-coated copper film for observation with a JEOL JEM 2100F high resolution TEM at an accelerating voltage of 200 KV. An in situ bending test was carried out in a home-built three-point facility, combined with a Veeco Dimension 3100 AFM system (Veeco Metrology Group) for microstructure observation. Figure 1 (a) shows a TEM bright-field image of nacre's brick-mortar microarchitecture from a cross section. The lattice fringe details [ Fig. 1(b) ] reveal a dense and continuous atomic sequence. Through applying electron diffraction, a single-crystal pattern (inset) is presented, indicating that nacre's growth direction is toward [002] by crystallographic measurement. No additional crystallographic impurity is detected, implying nacre's precise lattice stacking sequence. Meanwhile, the spot diffraction array also means that the crystallographic orientation along the ab plane direction, not only for the c axis, of the platelet is also highly aligned (the zone axis is [100]). This crystallographic feature is further confirmed by the similar observation from a different zone axis (Supplemental Material [19] , Fig. S1 ). Thus, it seems to be conclusive that we can grant nacre with a single-crystal biomineral.
Based on the above scenario, we designed two pathways to trigger nanoparticle rotation and deformation via routine heat treatment and bending. The previously oriented nanoparticles will give way to a new crystallographic rearrangement. Figure 2 (a) reveals a bright-field TEM image of aragonite platelet debris, as scratched from a 350 C heat treated sample (heat treated in air for 10 min). To rule out the possibility of a phase transformation from aragonite to calcite, the 350 C heat treated sample was ground into a powder sample for x-ray diffraction (XRD) scanning, where all the peaks can be well indexed as aragonite [ Fig. 2(b) ]. Our previous results clearly show that metastable aragonite completes the phase transition to calcite until 446 C [20] . Therefore, it is quite intriguing to see what happens on the microstructure and crystallographic order inside aragonite platelets below this phase transition temperature such as 350 C. Through examining the electron transparent region, a lattice fringe [ Fig. 2(c) ] at the edge of the platelet debris is found to be with a hybrid character. Let us select three typical areas [marked by D, E, and F in Fig. 2(c) ]; for example, fast Fourier transform (FFT) patterns from corresponding zones D, E, and F are, respectively, presented in Figs. 2(d)-2(f). In Fig. 2(d) , the ringlike pattern reveals that the crystallographic arrangement within zone D is disordered, and the disordered pattern places a sharp contrast with the results from Fig. 1(b) and Ref. [14] ; thus, we suggest that the resulted disordered fringe originates from the imposed heat treatment. As moving to left, i.e., zone E, a hybrid crystallographic character [ Fig. 2 imposed an effect on the edge region of the platelet via triggering the reorientation of aragonite nanoparticles. To obtain a real-time evolution process of nanoparticle architecture, we carried out in situ heating experiments at a series of temperatures, i.e., 100, 200, 300, and 350 C, as shown in Fig. 3 . For in situ imaging, a Vickers indentation mark was made on the cross section for reference [ Fig. 3(a) ], where an interesting area (white box enclosed) was selected for AFM imaging. At 100 and 200 C, no obvious temperature effect is detected on the nanoparticle arrangement [Figs. 3(c) and 3(d)] compared with the pristine status [ Fig. 3(b) ]. With increasing the temperature to 300 [ Fig. 3(e) ] and 350 C [ Fig. 3(f) ], a sharp shift of nanoparticle architecture is provoked, which might be explained as grain coarsening and/or crystal reorientation. Based on the observation, we thus conclude that the observed nanoparticles [ Fig. 2(c) ] originate from a pristine aragonite platelet without phase transition occurrence.
Additionally, we also probed the effect of inelastic deformation on the order-disorder transition of aragonite nanoparticles. In situ three-point bending [21] in conjunction with AFM are utilized to observe a change of the nanoparticle architecture inside a pristine [ Fig. 4(a) ] to deformed [ Fig. 4(b) ] platelet. Clearly, the remarkable change of nanoparticle morphology is in excellent agreement with the order-disorder transition. After bending (3% flexural strain), the deformed sample was used to prepare a TEM powder sample using the scratch method (peeling off along the ab plane). The bright-field image [ Fig. 4(c) ] shows that postmortem debris adheres to the biopolymer chain. Figure 4 (d) obviously demonstrates a lattice image where aragonite particles are arranged in a disordered fashion, in sharp contrast with those in Fig. 1(b) . The random crystallographic orientation is further confirmed by the ringlike FFT pattern (inset). This result suggests that the previously interparallel aragonite nanoparticles have given way to random orientation. Figure 5 is a two-dimensional schematic illustration that an order-disorder transition [(a) to (b)] can be initiated through temperature or deformation. The crystallographic evolution can be derived from the well-recognized fact that aragonite nuclei crystallize into several-nanometer-sized particles from molecular attachment [22] and subsequently self-assemble into pseudo single crystal (sharing the same orientation) via reducing the surface energy [23] .
Thermodynamically, we consider the aragonite nanoparticle self-assembly as a thermodynamic system with constant pressure and temperature:
where ÁG is the change of Gibbs free energy and P, ÁV, T, and ÁS are the pressure, system free volume change (free volume refers to the available space after nanoparticle packing [24] ), absolute temperature, and entropy change, respectively. Apparently, the spontaneous self-assembly process can lead to a decrease of Gibbs free energy (ÁG < 0) [18] , accompanied with the high ordering of aragonite nanoparticles, as validated by TEM observation [18, 25] . In this regard, it seems to be counterintuitive that spontaneous self-assembly reaction should be towards disordering (entropy increase based on the third law of thermodynamics). How does the system realize the ordering without external work? Pioneering work by Onsager [26] has shown that the compensation entropy due to free volume change (ÁV < 0Þ from initial disordering to final ordering can be more than the entropy loss associated with the ordering process. That is, the thermodynamically spontaneous process (ÁG < 0) in Eq. (1) can be realized because of the highly oriented attachment (ÁV < 0), although the ordering process induces the decrease of system entropy. Conversely, when a temperature effect (i.e., 350 C) is imposed upon the ordering system under a constant pressure, the endothermic reaction [20] prior to the occurrence of phase transition to calcite can raise the Gibbs free energy (ÁG > 0):
where S is the system entropy (S > 0 above absolute zero temperature) and ÁT is the temperature change (ÁT > 0). The reaction is inherently accompanied by the entropy increase (ÁS > 0) due to the disordering, implying that the free volume expansion of an aragonite platelet has to be compensated (ÁV > 0) despite no experimental evidence on hand, while upon mechanical deformation with invariable temperature and pressure, the increase of Gibbs free energy (ÁG > 0) can be translated by the energy in the form of external work arising from deformation. Similarly, the deformation-induced crystallographic transition due to disordering can increase entropy (ÁS > 0). Therefore, based on Eq. (1), the free volume will accordingly expand (ÁV > 0), as evidenced by the nanoparticle rotation or reorientation from ordering to disordering [21] . Significantly, the increased Gibbs free energy (ÁG 2 in Fig. 5 ) associated with the heat treatment or mechanical inelastic deformation is smaller than ÁG 1 (ÁG 1 is the energy loss from disordered colloidal aragonite nanoparticles to a highly ordered aragonite platelet). The excess energy (ÁG 3 ) can be ascribed to the amount of Gibbs energy change from colloidal nuclei to the aragonite platelet with disordered aragonite nanoparticles (ÁG 3 ¼ ÁG 1 À ÁG 2 ), where the disordered aragonite nanoparticles are bonded together by a grain boundary, relative to the free surface at the colloidal state. Based on the aforementioned results, several aspects should be noted. First, conventional methods for fabricating nanostructured metallic materials need a hypercritical method or condition, i.e., surface mechanical attrition treatment [27] , high pressure torsion [28] , or severe plastic deformation [29] . Here, our observed nanoparticles remain comparatively easier to be acquired by medium temperature (350 C) and routine mechanical deformation. Moreover, we notice that particle size is in the regime of a few nanometers, which is sharply different from that achieved in engineered materials through using modern top-down techniques. This can be explained only by the fact that aragonite nanoparticles in biomineral nacre are readily rearranged in a disordered manner owing to a relatively active or weak boundary. Second, to rule out the possibility that an artificial factor in the scratch process may affect the microstructure of fragment in Fig. 4(c) , we show another case that a TEM sample from pristine nacre is also prepared by the same method (Supplemental Material [19] , Fig. S2 ). The results demonstrate that the scratch process using a razor blade has no effect on the microstructure, as evidenced by the single-crystal diffraction pattern. Third, we suggest that it is quite difficult to discriminate aragonite nanoparticles in pristine nacre under TEM, because the crystallographic orientation is highly aligned. TEM results with singlecrystal appearance have independently been reported by several different methods, i.e., focused-ion-beam fabrication [10] , ion milling [11] , and microtome sectioning [18] . All previous TEM observations showing singlecrystal character are not contradictive with our explanation, as proposed by the monocrystal-polycrystal duality of aragonite platelet. However, our viewpoint, at least, is a coexistence perspective for aragonite platelet formation relative to the epitaxial growth mode [3, 4] . Fourth, selfassembly biominerals often show single-crystal-like nanocrystalline aggregation, i.e., brittle star [30, 31] , which can be regarded as an imperfect single crystal. There exists a The disordered colloidal aragonite nanoparticles self-assembled into an ordered aragonite platelet via decreasing the Gibbs energy (ÁG 1 < 0). Upon imposing an external effect, i.e., heat treatment and/or inelastic deformation, the Gibbs energy will accordingly increase (ÁG 2 > 0) but cannot rebound to the previous state (jÁG 2 j < jÁG 1 j). The excess energy (ÁG 3 ) can be derived from the amount of grain boundary bonding energy, relative to the free colloidal aragonite nanoparticles.
